To enhance the impact ionization coefficient of holes, we proposed an improved solar-blind AlGaN avalanche photodiode (APD) structure by using a low-Al-composition AlGaN multiplication layer and a filter based on periodic photonic crystal together with a composition graded interlayer between separate absorption and multiplication regions. The simulation results show that the improved APD presents a lower breakdown voltage and dark current, and a higher optical gain when compared to its conventional counterpart. Further, we found that the composition graded interlayer can modify profitably energy-band profile of heterostructure interfaces besides adjusting the electric field distribution, which is beneficial to the injection of holes from the absorption region to multiplication region. Therefore, we optimized the doping concentration and thickness of the interlayer, and analyzed the effects of these parameters on the APD performances.
Introduction
AlGaN alloys provide possibilities to develop the detectors of high rejection ratio of solar-blind inband/out-of-band signals [1] . It is well known that the absorption band edge of AlGaN alloys can be adjusted in the wavelength range of 200-365 nm which covers the solar-blind region of 240-280 nm, indicating that AlGaN semiconductor has large potential to develop intrinsic solar-blind photodiodes when using AlGaN alloys with Al composition larger than 40% [2] . Therefore, AlGaN photodetectors are arousing more and more interests and attentions because of their irreplaceable advantages in ultraviolet solar-blind detection [3] - [5] . In particular, AlGaN solar-blind avalanche photodiodes (APDs) are being widely studied thanks to their high optical gain which makes them have potential applications in some special fields such as flame and missile plume detection, astronomical studies, covert space-to-space communication, chemical and biological sensing [6] , [7] . Whereas, AlGaN APDs are facing many problems and challenges, such as high dislocation density and low efficiency of p-type doping, which results in a low gain limited by tunneling dark current [8] - [10] . So far, achieved gain values of AlGaN APDs from different research groups are in the range of 10 2 -10 4 [11] - [13] . In order to substitute possibly current bulky and fragile photomultiplier tubes with high gain commonly above 10 6 in some special fields, the AlGaN solid-state APDs should be of a gain not less than 10 5 [14] . In this work, we designed a solar-blind AlGaN avalanche photodiode based on separate absorption and multiplication (SAM) structure by employing a low Al-content multiplication layer together with a photonic-crystal structure as solar-blind optical window to improve the carrier ionization rate and simultaneously remain the solar-blind character. Meanwhile, a composition graded n-type AlGaN electric field adjusting interlayer between separated absorption and multiplication regions was proposed to improve the performances of APDs. The effects of the composition graded AlGaN interlayer with different doping concentrations and thicknesses on device properties were simulated and analyzed.
Device Structure and Physical Models
The designed AlGaN APD consists of different AlGaN layers with SAM structure schematically, as shown in Fig. 1 . On the top of this structure, we applied 60 nm p-type layer in order to form preferable ohmic contact. Instead of the conventional high-Al-content i-AlGaN multiplication region needed for solar-blind characteristic, we used a low-Al-content i-AlGaN as multiplication layer to improve hole impact ionization coefficient. Furthermore, differing from the conventional n-AlGaN interlayer that has a fixed Al/Ga composition ratio, we proposed a composition graded AlGaN interlayer in order to improve carrier transport property. The hole and electron concentrations are 1 × 10 18 cm
for p-type layers and 2 × 10 18 cm −3 for the n-Al 0.5 Ga 0.5 N layer, respectively. The residual carrier concentration for the unintentionally doped layers is 1 × 10 16 cm −3 . In order to ensure the solar-blind characteristic of device, a periodic photonic crystal, consisting of Si 3 N 4 and SiO 2 units, is applied here as a wavelength filter. The Si 3 N 4 and SiO 2 units are divided into two groups, where the thickness of the former is 50 nm (9.5 units) and 58.5 nm (9 units), and the latter is 36.5 nm (9.5 units) and 42.5 nm (9 units), respectively. A better performance can be expected while utilizing periodic photonic crystal compared with distributed Bragg reflectors [15] . In our designed periodic photonic crystal, the in-band reflectivity is confined to 6.1% with λ = 275 nm and the out-of-band (290 nm-415 nm) reflectivity is from 91.7% to 99.9%, which exhibits superior cut-off wavelength as demonstrated in Fig. 2 .
The 2-D numerical models utilized here to describe the back-illuminated SAM GaN/AlGaN APDs cover five modules-mobility model, recombination model, carrier statistical model, impact ionization model and tunneling model. We used three equations to describe recombination process:
where A is the SRH recombination coefficient, c n and c p are the Auger recombination coefficients and C O PT c is the optical recombination coefficient. In the numerical procedure, we utilized Newton iteration method to solve the nonlinear algebraic system equations until meeting requirements. Furthermore, the impact ionization model that accounting for the effect of carrier avalanche has the following expression:
where G is carrier generation rate, α n and α p are the electron and hole ionization coefficients respectively. The following is calculation expression of multiplication gain:
where M is multiplication gain, I light is light current and I dark is dark current, I u is unmultipied mean current difference (10-50V reverse bias). layer [16] , [17] , respectively. Obviously, the gain of the low-Al-content APD is an order of magnitude higher than that of the conventional APD. Moreover, the low-Al-content APD presents lower breakdown voltage and dark current, which can be attributed to the application of the low-Al-content AlGaN multiplication layer because of the critical electric field of the multiplication region decreasing with decreasing Al composition [18] . The dark current is due principally to four sources: generation and recombination (g-r) via deep levels in the bulk, surface shunt currents, trap assisted tunneling and band-to-band tunneling. At high voltage prior to avalanche as the range of 45V to 84V extracted from Fig. 3 , tunneling of electrons into the conduction band dominates for these APDs. The tunneling current for direct gap semiconductors is given by ref [19] :
Results and Discussions
where is Planck's constant divided by 2π, m 0 is the mass of free electron E is the electric field in the tunneling region, A is the junction area, q is the electric charge, V is the applied voltage across the heterojunction and E g is the direct band gap. The parameter θ is given by θ = χ(m * e /m 0 ) 1/2 , where χ depends on the detailed shape of the tunneling barrier.
Relatively, the electric field plays a dominating role in the current of tunneling. The lower electric field intensity of multiplication region leads to the decrease of tunneling current as other parameters are in the same condition.
However, employing a low-Al-content Al 0.2 Ga 0.8 N as multiplication layer results in a strong electric field spike at the heterostructure interface between the interlayer and multiplication layer that induced by the band offset and strong piezoelectric polarization, as shown in Fig. 4(a) , which will form a potential danger that may lead to premature breakdown of the APD devices. Moreover, the conduction band trap and valence band barrier formed at the heterostructure interface will hinder the transmission of carriers. To overcome these shortcomings, we designed a composition graded interlayer with Al composition from 45% to 20% along the growth direction instead of the homogenous interlayer, and the doping concentration of the n-AlGaN interlayer remains consistent. The electric field spike disappears and meanwhile the valence band becomes smoother, which is beneficial to the injection of holes from the absorption region to multiplication region, as shown in Fig. 4(b) .
Based on the improved APD structure, we investigated the effects of the doping concentration and thickness of the composition graded interlayer on the device performances. As shown in Fig. 5(a) , the electric field intensity increases in multiplication region and decreases simultaneously in absorption region with increasing doping concentration of the interlayer. However, the structure with low doping concentration of the interlayer will degenerate into a p-i-n heterojunction and lose the characteristic of hole-initiating multiplication. In contrast, the excessively high doping concentration of the interlayer will make electric field intensity in absorption region too low to reach through. The impurity scattering plays a dominant role and the carrier mobility is reduced in the graded interlayer, which leads to the decrease of hole mean free path under excessive doping concentration condition. Thus, there is an optimal doping concentration for the composition graded interlayer in a specified device.
Moreover, the optimized doping concentration of the interlayer is associated with the multiplication layer thickness, as shown in Fig. 5(b) . The thickening of the multiplication layer will lead to the descent of critical electric field intensity in multiplication region which is attributed to stronger photon scattering, so that the hole ionization coefficient tends to decline. The following α n and α p are the electron and hole ionization coefficients utilized in TCAD respectively:
where AN, BN, AP and BP are the parameters used in calculation which change with aluminum compositions [19] . Simultaneously, as the multiplication width is increased, the carriers can travel farther before reaching the opposite end of the junction and thus can contribute more multiplication events [20] . Hence, there is a tradeoff between holes ionization coefficients and events theoretically. Consequently, the shape of gain versus multiplication layer thickness presents a tendency from rise to decline, and a higher doping concentration for the interlayer by and large is needed as increasing multiplication layer thickness owing to its modulation effect. In addition to doping concentration, the thickness of composition graded interlayer can also influence electric field distribution, as shown in Fig. 6(a) . The increase in the thickness of interlayer is able to raise the electric field intensity in multiplication region so as to increase the hole ionization coefficients. However, the excessively thin interlayer will lead to high electric field intensity in absorption region conversely, such as 20 nm and 40 nm interlayer structures. Additionally, carrier impurity scattering mechanism dominates when the thickness exceeds a certain critical value, which obstructing hole transmission. Thereby, the gain exhibits a trend of descending after ascending with increasing interlayer thickness, as shown in Fig. 6(b) , indicating that the interlayer has an optimum thickness for the Al 0.2 Ga 0.8 N APD.
The investigated results show that there are optimal doping concentration and thickness of composition graded interlayer for the specified Al-content APD. Besides, the concentration and thickness of interlayer are also related to the Al-content of multiplication layer, as shown in Fig. 7 (a) and (b). On one hand, the Al x Ga 1−x N material with low Al-content has higher dielectric constant, which accounts for the difficulty in the formation of electric field [21] . On the other hand, due to the composition difference between multiplication layer and absorption layer, the electric field formed by the piezoelectric polarization will hinder hole transport. Thus for higher Al-content AlGaN APD structures, the optimum concentration and thickness of interlayer present a downtrend on account of the adjustment of electric field intensity.
Conclusion
We proposed an improved solar-blind AlGaN SAM-APD structure by using a low-Al-composition AlGaN multiplication layer together with a periodic photonic crystal structure for the purpose of remaining the solar-blind characteristics. The simulation results show that the improved structure can enhance effectively the impact ionization coefficient of holes and decrease breakdown voltage, and hence be beneficial to obtaining a higher optical gain when compared to its conventional counterpart. Further, we found that the composition graded interlayer can smooth energy-band profile of the AlGaN heterostructure interface and hence improve the injection of holes from the absorption region to multiplication region. Meanwhile, simulation shows that the doping concentration and thickness of the interlayer have significant effects on the APD performances, and therefore, we optimized these parameters.
